The first eight years of operation of the Cold Neutron Chopper Spectrometer (CNCS) at the Spallation Neutron Source in Oak Ridge is being reviewed. The instrument has been part of the facility user program since 2009, and more than 250 individual user experiments have been performed to date. CNCS is an extremely powerful and versatile instrument and offers leading edge performance in terms of beam intensity, energy resolution, and flexibility to trade one for another.
I. INTRODUCTION
The Cold Neutron Chopper Spectrometer (CNCS) is one of the direct geometry, inelastic neutron scattering spectrometers that the Spallation Neutron Source (SNS) in Oak Ridge operates as part of its facility user program. This instrument has now been operating for about 8 years. It has seen a number of incremental upgrades during this time, which have resulted in an overall significant improvement of its performance. In this paper the most important of these developments are being described, and some of the science is being reviewed that has been done with the instrument.
CNCS is a general-purpose direct-geometry inelastic time-of-flight (TOF) spectrometer optimized for cold neutrons. Neutron data are recorded in event mode, which is now becoming the standard method at pulsed spallation neutron sources. For each detected neutron, the time, pulse ID and pixel ID are stored in a list. The pulse ID refers to the source pulse that generated the neutron, and has to be determined carefully when the instrument (like CNCS) does not always operate in the first frame (which is to say, when not all neutrons have been detected Fig. 2 . This is a fairly small beam for this type of instrument, but it corresponds well to the typical sample dimensions which are 1 cm for single crystals (see section III below). Compared to the traditionally used last guide section [1], the corresponding intensity gain for small crystal samples is about a factor of ∼ 4, which comes mostly at the cost of increased vertical divergence. Since the vertical direction (in which the Q resolution is broadened) lines up well with Debye Scherrer cones, the new guide is also very beneficial for powder samples, even when they are large enough to be not fully illuminated by the beam. This proves to be a crucial intensity gain, in particular in experiments with small samples which are the vast majority (see section III below). The new guide end section does impact the horizontal divergence only marginally, which is set by the m = 2 − 3.5 mirrors further upstream in the guide. The 'new' and 'old' guide end pieces can be readily exchanged. While the 'new' guide is also most often used for polycrystalline and liquid samples, the 'old' guide is preferred in experiments that aim to measure excitations in single crystal samples with good Q resolution in all three spatial directions simultaneously. Such experiments account for ∼ 10 − 20% of beam time use. Most experiments with crystals, however, focus on the scattering in one plane, which is arranged to be horizontal in the laboratory frame. In this situation the vertical Q resolution is of lesser importance and the focusing guide section is thus preferred.
B. Fermi chopper rotor
The original CNCS design placed a high value on achieving very good energy resolution.
This can be seen, for example, in the guide design. The guide narrows down significantly towards its end, which allows one to achieve very short burst times with the double disk chopper. As a result, the beam at the sample position is quite narrow, ∼ 15 mm, which limits the size of single-crystal samples one can measure (crystals are being rotated during a measurement which implies that they should be fully illuminated by the beam because an intensity change upon rotation is hard to correct for). Secondly, in order to achieve very good resolution, the Fermi chopper in the front was originally equipped with a rather tight slit package.
During the early years of operation it became clear that achieving higher flux on sampleat the expense of energy resolution -was more important. Therefore, a new Fermi chopper rotor was designed and installed during a facility shutdown in 2014. Like the original rotor, it features two slit packages on the same vertical axis of rotation, which can be selected with a vertical translation of the chopper. The main difference between the old and the new slit packages is that the new slit packages are coarser than the old ones. As a result, the burst times of the two high-speed choppers are now better matched, in typical run conditions, to the respective distances of the choppers to the detector, improving the intensity vs energy resolution relationship. [7] The intensity gain (for the same resolution) is about ∼ 25% on average. This gain outweighs the shift in the resolution range (towards coarser resolution) in which one can operate, because only very few experiments require the best available resolution. A current measurement of the energy resolution at the elastic line, using a vanadium reference sample, is shown in Fig. 3 . It has been recognized that an inelastic time-of-flight spectrometer with wide angular coverage in combination with polarized beam would be of great value for studies on quantum critical phenomena, topological states of matter, quantum magnets, unconventional superconductors, and geometrically frustrated magnets. [8] Efforts at the Institut Laue-Langevin (ILL), [9] the ISIS facility at the STFC Rutherford Appleton Laboratory (United Kingdom), [10] the Japan Proton Accelerator Research Complex (J-PARC) [11] and SNS [12] are all aimed at increasing the area of solid angle covered by the detector with simultaneous polarization analysis. With the exception of D7 at the ILL [13] (which has an option to run with a Fermi chopper) and HYSPEC at SNS [12] , inelastic neutron scattering with polarized beam is currently limited to triple-axis type instruments which cannot cover large areas of (Q, ω) space in adequate time. The ongoing trend in materials science towards more complexity, however, means that broad surveys in reciprocal space will be increasingly needed to identify the key dynamical signatures in the scattering. An unambiguous separation of lattice and spin dynamics will become a key requirement, and 'xyz'-polarization analysis is the only available technique known to allow this at all scattering angles simultaneously. [14] III Nearly ∼ 75 % of the beam time at CNCS is used to measure collective excitations in single crystals. Single crystal measurements play to the full strength of the instrument with its large detector area, accessing all three spatial directions simultaneously, and the ability to adjust the measurement range and resolution to the need of the particular system studied.
With the focusing guide the Q resolution in the vertical direction is relaxed but still good enough to measure a dispersion in this direction.
A. Measurements at pressure
Pressure is a relevant thermodynamic variable for many materials. For example, applied pressure has a profound effect on the critical temperature in many superconductors, [15] [16] [17] and many materials are known to be superconductors only under pressure. [18] This can be understood considering that the parameters of a material which are mainly important for its superconducting properties, namely the electronic density of states at the Fermi energy, the phonon frequency spectrum, and the electron-phonon coupling, all may be sensitively pressure-dependent. Metal-insulator transitions are another example for a transition of the electronic state in a material that can be induced by pressure. [19] [20] [21] Neutron scattering under pressure presents challenges, and inelastic scattering in particular must be considered very difficult. The main reason is that the available sample volume is inevitably small. Neutron scattering is an intensity limited technique, and while diffraction can be done with very small samples, [22, 23] Spin waves in elemental magnets Tb [32] and Fe [33] have been studied at pressure but the involved temperatures were relatively high, 90 K and 300 K, respectively, whereas in the pioneering work on single-crystal FeCl 2 [34] a base temperature of 4 K was reached. Crystal field excitations in magnets have also been occasionally studied at high pressure [35] [36] [37] .
At CNCS, gas pressure cells have been used up to ∼ 0. 
B. User experiments
One of the greatest strengths of CNCS is the ability to measure collective excitations in crystals, simultaneously, in the energy domain and in all three spatial directions, with adjustable energy-and Q-resolution. One of the science areas that exploits this ability is the research on thermoelectric materials. Here, the main question addressed with inelastic neutron scattering is that of the microscopic origin of the unusual strong scattering of the heat carrying phonons in materials such as PbTe [45, 46] , AgSbTe 2 [47, 48] , SnTe and SnSe [49, 50] . The dispersion and line widths of the phonons need to be measured accurately, in various directions, and with good Q resolution. It is also essential to complement the measurements with density functional theory (DFT) calculations in order to achieve a consistent understanding of the measurements. The experiments found that the origin of the strong phonon scattering is quite different in these materials. In PbTe a strong anharmonic repulsion was observed between the ferroelectric transverse optic phonon and the longitudinal acoustic modes. This is the signature of an underlying anharmonic interaction between these phonons. In AgSbTe 2 it is an atypical degree of complexity of the crystal structure at the microscopic level that was identified as the source of an unusual level of phonon scattering. This material forms nano-sized domains which differ in the near neighbor ordering of some of the ions. The phonons cannot propagate undisturbed through this structure, which manifests itself in a much broadened phonon line width when compared to PbTe for example. SnSe on the other hand is near a lattice instability, leading to strongly anharmonic interaction potentials between Sn and Se.
Excitations in quantum magnets with low energy scales are another research area in which CNCS is designed to make contributions. [51] [52] [53] [54] For example, geometrically frustrated magnets [55] [56] [57] are often characterized by a macroscopically degenerate ground state, and for this reason tend to have a high number of fluctuation modes at low energy that may persist to very low temperature. The good energy resolution provided by cold neutrons is therefore ideally suited to studying the spin fluctuations in such systems. In multiferroic materials [58] [59] [60] the energy scales are also often low.
A magnetic field is another external parameter with which a spin system may be manipu- and long range magnetic order in at least one thermodynamic phase. Superconductivity is typically induced by doping charge carriers, which at the same time reduces the magnetic ordering temperature or suppresses the ordering completely. A common feature is the exis-tence of a resonant magnetic excitation within the superconducting phase, which is localized in both energy and wavevector. Such excitations can be directly seen with inelastic neutron scattering, but it is to date not fully understood how exactly they are connected to superconductivity in these materials. This is a field of strong current interest in condensed matter physics.
While the majority of experiments conducted at CNCS are hard condensed matter studies, quasielastic scattering studies in soft matter materials make up a non-negligible part of the science program at CNCS. In the area of polymer and protein dynamics, various studies focused on the role of hydration water, [72, 73] the nature of the collective vibrations ("boson peak"), [74, 75] and the role of the secondary structure for the rigidity and functionality of these molecules [76] [77] [78] . These experiments are generally not intensity limited, unless the samples are fully deuterated. A full spectrum may be collected at CNCS in less than an hour on a 100 mg sample. An upgrade offering polarized beam would therefore be particularly beneficial for this science, as it would enable one to disentangle coherent (collective, manyparticle) and incoherent (single-particle) dynamical modes in soft (hydrogenous) materials, which may overlap in the time domain. [79, 80] This would make it possible to rigorously test model assumptions that one currently has to make in order to separate the different processes in measurements with unpolarized neutron beams.
It is known that the dynamical behavior of atoms and molecules in confined geometry can be substantially different from the bulk. [81] Rather than near correlation shells of its own species, an individual molecule will see a material-dependent wall potential. For example, the dynamics of H 2 O confined in ∼ 5Å diameter channels of beryl single crystal have been studied by using QENS and inelastic neutron scattering (INS) at CNCS and SEQUOIA. [82, 83] The QENS study with energy resolution 0.25 meV with the scattering momentum transfer along the channels showed gradual freezing of water molecule dynamics at temperatures below ∼ 200 K, whereas the dynamical features was generally much weaker with the momentum transfer perpendicular to the channels. At higher temperatures the data were described as two-fold rotational jumps about the axis coinciding with the direc- 
